The impact of life on the atmosphere is examined through a discussion of the budgets of important atmospheric constituents and the processes that control their concentrations. Life profoundly influences oxygen and a number of minor atmospheric constituents, but many important gases, including those with the greatest effect on global climate, appear to be little altered by biological processes, at least in the steady state. (Accepted for publication 21 March 1984) Does life control the properties of the atmosphere? Would the atmosphere be different if there were no life on earth? Has life influenced the course of atmospheric evolution? These are essentially equivalent statements of the same fundamental question. Can that question be answered?
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The atmosphere is not an infinite reservoir of immutable gases. Nearly all its constituents are being continuously augmented or diminished by sources and sinks that may involve the oceans, the earth, organisms, or reactions with other atmospheric constituents. The atmosphere's composition depends on the dynamic interaction of these sources and sinks.
To answer questions about life's impact on the atmosphere we must consider the budgets of atmospheric constituents and estimate the magnitUdes of the most important gas fluxes to the atmosphere (sources) and from the atmosphere (sinks). Size of the atmospheric reservoir, or the total amount of a given constituent, is also important. We can find the residence time of a particular atmospheric constituent by dividing the source or sink flux (mass per unit time) into the reservoir mass. Gases with large reservoirs and small fluxes have long residence times, and their concentrations can change only slowly with time and negligibly with location. The concentrations of gases with short residence times can vary significantly in both space and time.
We can, in principle, measure the budget and reservoir of an atmospheric con-stituent. Measuring concentrations provides reservoir size, and measuring fluxes provides the source and sink budget. Because concentrations and fluxes vary in space and time, we may have to make a large number of measurements at many locations over extended periods of time, and so our knowledge is far from complete.
To answer the basic question we need also to understand controlling processes: how fluxes of gas into and out of the atmosphere vary with changing conditions, including the effects on the sources and sinks of the gas in question of concentration itself. Without quantitative information on how sources and sinks vary, we cannot specify why the atmosphere has its observed composition, describe how composition may have varied in the past, or extrapolate into the future. Yet such global controlling processes are not generally accessible to experiment. Such an experiment would presumably involve changing a global environmental parameter and measuring the consequent change in gas fluxes and atmospheric composition.
Without direct experimental information, we rely on theoretical analysis, extrapolation of local data to a global scale, and interpretation of the geological and historical record of atmospheric change. The controlling processes are potentially complex; the budget of one atmospheric constituent for example, may be influenced by the concentration of another. Control of atmospheric composition is therefore a speculative and controversial topic; many questions remain unresolved, and there are no doubt many errors in the ideas I present here.
Although we are far from a quantitative and convincing answer to the question of how life affects the atmosphere, we probably do know enough to identify the gases that are significantly affected by life and to estimate, in general terms, what the atmosphere would be like without life. Figure 1 shows the concentrations of the atmosphere's most abundant gases. Some 1600 additional constituents have been detected either in the atmosphere or in emissions to the atmosphere. The vast majority of these come from organisms or from atmospheric chemical reactions of biogenic gases (GraedeI1978).
MAJOR CONSTITUENTS
Most of earth's nitrogen is in the atmosphere. The mass of fixed nitrogen in soil, ocean, and organisms is only about 0.0003 times that of atmospheric nitrogen. The concentration of nitrogen in rocks, for which there are few data, is very low; the mass of nitrogen in the solid earth, though uncertain, thus-appears to be less than one-third that of the atmosphere (Walker 1977) . For thermodynamic reasons, gaseous molecular nitrogen should be stable in the presence of the silicate minerals and water of earth's mantle, crust, and ocean, so it is unlikely that life significantly affects atmospheric nitrogen-or that there has ever been a time when most terrestrial nitrogen was not in the atmosphere. The disappearance of life would affect nitrogen little, and there is no reason to suppose that the evolution of life caused atmospheric nitrogen to change by as much as a factor of two. And nitrogen has no direct effect on climate. So although nitrogen is essential to life, its atmospheric reservoir is so large that atmospheric molecular nitrogen is of little interest to global ecology.
Oxygen is another matter. It is out of place in a reducing universe; in the solar system free oxygen is present in significant quantities only on the earth. Atmospheric oxygen is incontrovertibly a product of life, specifically of oxygenic photosynthesis. At the surface of, the earth, oxygen reacts rapidly with re- duced organic matter in soils, organisms, and oceans, and also with reduced mineral constituents of the crust. The reaction with organic matter (respiration and decay) is catalyzed by organisms, and much of the reaction with reduced minerals is probably catalyzed biologically as well. But organisms influence the rates of these reactions, not their direction; reactions that consume oxygen would occur even in the absence of life.
In studying the biogeochemical cycles of oxygen, therefore, we must consider reservoirs of reduced matter with which oxygen can.react as well as the oxygen reservoir itself. Figure 2 is a simplified representation of the oxygen budget and reservoirs (Walker 1980a) . As presented, this budget is balanced: sources and sinks are equal; the reservoirs do not September 1984 change with time. But such a steady state is no more than an assumption. Data on the fluxes are not yet good enough to determine whether this assumption is correct. Over geological time periods, however, the system must evolve toward a steady state or reservoirs would increase without limit.
Consider the fast cycle of photosynthesis followed by respiration and decay. According to the data in Figure 2 , the residence time of atmospheric oxygen before removal by respiration and decay and replacement by photosynthesis is 4500 years. The cycle is very nearly in balance. The residence time of surface organic matter-living organisms, soil organic carbon, and dissolved organic carbon in the hydrosphere-is only 50 years. The small imbalance between the global rate of photosynthesis and the global rate of respiration and decay is important, however. Some of the organic matter synthesized by photosynthesis escapes immediate oxidation by respiration and decay to become buried in anoxic sediments at the bottom of the sea and incorporated into sedimentary rocks. This burial flux of reduced organic matter corresponds to a net source of atmo--spheric oxygen. This net source replaces oxygen consumed in the weathering reaction with reduced constituents of the crust.
Suppose that photosynthesis were to stop but that respiration and decay continued to consume oxygen and surface organic matter. The surface organic matter would be nearly exhausted after some 50 years, putting an end to respiration and decay. Yet even this complete consumption would have reduced atmospheric oxygen by little more than one percent. Weathering reactions would continue to consume atmospheric oxygen, however, and would deplete the atmospheric reservoir in about 2.5 million years. The complete reaction of all of the oxygen in the atmosphere would decrease the reservoir of reduced constituents of the crust by less than one percent. The effective residence time of atmospheric oxygen, or the time in which its abundance could change significantly, is therefore a few million years.
The amount of oxygen in the atmosphere can be changed directly by imbalances in the cycle linking the atmosphere to the large reservoir of reduced crustal constituents. The rapid cycle linking the atmosphere to the . small reservoir of surface organic matter directly controls the mass of surface organic matter, not the mass of atmospheric oxygen. For atmospheric oxygen, it is not the rate of photosynthesis that matters, but the small imbalance between the rate of photosynthesis and the rate of respiration and decay.
Suppose that there were substantially less oxygen in the atmosphere but that the rate of photosynthesis were unchanged. The rate at which oxygen reacts with rocks might then be reduced, thereby reducing overall oxygen consumption, but this rate IS probably controlled largely by how fast fresh rock is exposed by uplift and erosion. In a world with less oxygen, we would expect more extensive areas of anoxic sediments and bottom waters and, therefore, more opportunity for organic matter to escape biological oxidation and to be buried. So a reduction in atmospheric oxygen would cause the burial rate to exceed the weathering rate: the net source of oxygen would exceed the net sink, and oxygen would accumulate in the atmosphere. Too much oxygen in the atmosphere would have the reverse effect. I therefore conclude that the amount of oxygen in the atmosphere adjusts in a time of a few million years to an equilibrium value that brings the rate of burial of organic matter into balance with the oxidation rate of reduced crustal constituents. There are many obvious opportunities for change to have occurred during geologiCal history. Mountain building, for example, might have increased the rate of erosion and therefore the rate of oxygen consumption in weathering, drawing down the atmospheric reservoir. Alternatively, changes in ocean basin configuration and circulation might have promoted the formation of anoxic deep waters, increasing the burial rate of organic matter and permitting an increase in atmospheric oxygen. Biological developments must also have been important.
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If there had been no oxygenic photosynthesis, there would be essentially no oxygen in the atmosphere. Estimates for atmospheric oxygen on an abiotic earth yield partial pressures of 1 x 10-8 atmospheres at most (Kasting and Walker 1981) .
But consider the consequences of increased photosynthesis caused by such biological innovations as eukaryotie cells, vascular plants, or flowering plants. Such an increase would have increased biomass (surface organic matter), which would have led in turn to an increase in respiration and decay rates until decay nearly equaled photosynthesis. But increased biomass should have led to more extensive anoxic environments and enhanced opportunities for burial of organic matter. So the net source of oxygen should have increased and the oxygen partial pressure should have risen until the new anoxic environments were eliminated, bringing the burial rate of organic matter back into balance with the rate of oxygen consumption in weathering. It is likely that atmospheric oxygen was initially very low and that it increased in stages as biological productivity increased.
The sedimentary rock record shows clear evidence of a transition in the. oxidation state of the atmosphere and hydrosphere that extended from 2.3 billion to 1.7 billion years ago (Cloud 1974) . Oxygenic photosynthesis may have originated earlier, but before 2.3 billion years ago the net rate of oxygen production was presumably less than the net release rate of reduced gases by volcanoes and of dissolved reduced species in the hydrosphere (Walker et al. 1983) . Rapid reactions in the atmosphere and ocean consumed any photosynthetic oxygen, and aerobic respiration was not possible. The selection pressure favoring the evolution of oxygenic photosynthesis may have been a shortage of the reduced electron donors consumed by photosynthetic bacteria (Walker 1980b) . No convincing geological evidence of subsequent change in atmospheric oxygen has yet been found.
CLIMATICALLY ACTIVE GASES
Carbon dioxide is of great importance to global ecology because it both fuels photosynthesis and influences climate through the greenhouse effect. The atmospheric reservoir is small enough and the sources and sinks large enough to permit substantial change in atmospheric carbon dioxide in a relatively short time. Examples of such change are the diurnal and seasonal variations near the ground, caused by an imbalance in the rates of photosynthesis and respiration, as well as the 20th century increase in concentration from fossil fuel burning.
The biogeochemical cycles of carbon dioxide are complicated by the existence of relatively large oceanic, biotic, and rock reservoirs and by the coupling of the carbon cycle to those of oxygen and oceanic cations. On time scales of years to a few thousand years, net carbon dioxide transfers among ocean, atmosphere, and biomass can influence atmospheric abundance. But transfer rates are large enough-residence times are short enough-to impose an equilibrium between these reservoirs when their contents are averaged over long periods (Figure 3 ). On geological time scales, the governing processes involve the exchange of carbon between rocks and the surface reservoirs. PHOTOSYNTI£SIS ic carbon and its weathering rate is determined by the requirements for a balanced oxygen budget. This difference equals the rate of oxygen consumption by weathering of minerals other than reduced carbon, principally those containing reduced sulfur and iron (Holland 1978) . So the net sink for surface carbon resulting from the imbalance between the burial and weathering rates of organic carbon is set by the oxygen cycle. In the steady state, the rate at which carbon is consumed by silicate dissolution followed by carbonate precipitation must equal the rate of volcanic release of carbon dioxide reduced by the imbalance in the organic carbon flux (see Figure 4) . The rate of dissolution of silicate minerals depends on the atmospheric pressure of carbon dioxide both directly and indirectly through the effect of pressure on temperature. The dissolution rate depends closely on temperature, and high carbon dioxide partial pressures raise average global temperature by trapping infrared radiation emitted from the ground and reradiating it to the ground (the greenhouse effect). If there is too much carbon dioxide in the atmosphere, the dissolution of silicate minerals delivers an excessive flux of calcium and magnesium ions to the ocean; they are removed by precipitation of carbonate ROCKS 8000 X lOll minerals, which depletes the surface carbon reservoir and therefore decreases the partial pressure of carbon dioxide. The situation is reversed if there is too little carbon dioxide in the atmosphere. Thus, the long-term equilibrium value of the carbon dioxide pressure is determined by the requirement that the rate of silicate mineral dissolution equal the rate of volcanic release of carbon dioxide minus the net burial rate of organic carbon in sedimentary rocks. If conditions remain unchanged long enough for the oceanic budget of calcium and magnesium ions to achieve a balance (tens of millions of years), this equilibrium value will be reached.
On shorter time scales, many factors can cause departures from this equilibrium value. Consider, for instance, a time of increasing atmospheric oxygen caused by an increase in biological productivity. During such a time there would be an increase in the net flux of reduced carbon to sedimentary rocks, requiring a reduction in the rate of silicate dissolution if the surface carbon reservoir were to remain in balance. This reduction would be achieved by a decrease in the partial pressure of carbon dioxide. Because of carbon dioxide's contribution to the atmospheric greenhouse, we could expect cool climates during periods of increasing atmospheric oxygen. This depression in carbon dioxide would persist only as long as the oxygen budget were unbalanced.
If there were no life on earth, the dissolution rate of silicate minerals would have to increase to compensate for the absence of the net flux of organic carbon to sedimentary rocks. A higher partial pressure of carbon dioxide would be required but would probably not involve a large change.
Potentially more important is the effect of land plants on organic acids and enhanced partial pressures of carbon dioxide in soils (Lovelock and Whitfield 1982) . Both these factors may enhance the dissolution rate of silicate minerals. The magnitude of the land plant effect is not established, however, in part because the dependence of dissolution rate on carbon dioxide's partial pressure is not well known.
Consideration of purely abiological processes suggests a steady decrease in carbon dioxide's partial pressure throughout earth history. The sun's luminosity has increased with time, a change that would have caused a steady increase in surface temperature, a corresponding increase in the rate of silicate 490 dissolution, and a compensatory decrease in atmospheric carbon dioxide (Walker et al. 1981) . Superimposed on this steady decline could be further monotonic decreases in atmospheric carbon dioxide caused by the burial of organic carbon in sediments and the effect of land plants on silicate dissolution rates. In addition, changes in the oxygen balance may have caused temporary minima in atmospheric carbon dioxide during times of increasing atmospheric oxygen. As yet there is no direct geological evidence for any of these speculations.
The other climatically and biologically important atmospheric gas is water vapor, also a major contributor to the atmospheric greenhouse. Its atmospheric budget is simple. Water is supplied to the atmosphere by evaporation and removed by precipitation from saturated air. Water vapor's residence time in the atmosphere is only a few days, and the saturated vapor pressure depends strongly on temperature. Evapotranspiration by plants affects water vapor locally, but globally, on average, atmospheric water vapor depends on temperature,producing an important positive feedback in the climate system: Warm periods permit more water vapor in the atmosphere, leading to an enhanced greenhouse effect, which in tum contributes to the warm climate.
INERT GASES
The fourth most abundant constituent of the atmosphere is argon. It, and the other inert gases-neon, helium, krypton, and xenon-do not interact in any known way with the biota. They are released from the earth and, by and large, accumulate in the atmosphere. Helium escapes from the top of the atmosphere into space. Inert gases do not affect climate and are important only as possible indicators of the release of gases from the earth's interior.
TRACE GASES
Many of the remaining gases in the . atmosphere, including methane, hydrogen, nitrous oxide, carbon monoxide, ammonia, nitrogen dioxide, sulfur dioxide, and hydrogen sulfide, are released to the atmosphere by organisms and removed by photochemical reactions in the atmosphere. The sulfur gases are released also by volcanoes, and carbon monoxide and hydrogen are produced by photochemical processes in the atmosphere as well as by biological processes. Human activity, primarily combustion offossil fuels, is an important source of carbon monoxide, nitrogen dioxide, and sulfur dioxide. Without their biogenic sources, most of these trace gases would be even less abundant. At average atmospheric concentrations, none has an important direct effect on organisms, and their effect on climate is equally minor.
Ozone is of greater potential importance. Of all the atmospheric trace gases, it is closest to being present in toxic amounts. It is both produced and destroyed by photochemical processes in the atmosphere, but its photochemical sources and sinks are influenced by biogenic trace gases, particUlarly methane, nitrous oxide, carbon monoxide, and nitrogen dioxide. Changes in the biogenic sources of these gases could possibly lead to biologically significant groundlevel increases in the ozone concentration (Chameides and Walker 1975) . Ozone at higher levels in the atmosphere shields the biota from potentially damaging solar ultraviolet radiation. If there were no life on earth, there would be little or no oxygen in the atmospheretherefore no ozone-and this ultraviolet screen would be absent (Canuto et al. 1982) ; The origin and early evolution of life must have taken place without the protection of an ozone layer (Margulis et al. 1976) .
CLIMATE
The greatest impact of life on climate is probably an indirect one, through ~he greenhouse effect. of carbon dioxide. I have discussed some ways that life may have influenced atmospheric carbon dioxide, but the subject is still speCUlative.
Land plants might influence local climate directly by changing the reflectivity (albedo) ofthe land surface and by influencing local water vapor concentrations by evapotranspiration. Whether such effects might have any global impact is not known, but they would probably be minor, influencing global average temperature by no more than a few degrees.
CONCLUSIONS
If there were no life on earth, I estimate that the atmosphere would still contain about as much nitrogen, water vapor, and carbon dioxide as it does today. Oxygen would be absent, and a large number of biogenic trace gases would also be absent or considerably less abundant. Climate would probably not be markedly different.
The greatest impact of life on the atmosphere has been as an oxygen source. The rise of atmospheric oxygen occurred about two billion years ago and may have caused a decrease in the concentration of reduced biogenic gases. Carbon dioxide links biological processes to climate. Although the long-term controls on atmospheric carbon dioxide probably do not depend on life, it is likely that changes in biological organization have had · significant, though possibly temporary, effects on the atmosphere's carbon dioxide concentration.
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